We present the results of a detailed analysis of the host galaxies of powerful AGN as revealed by deep near-infrared imaging. New K-band images have been obtained of a sample of radio galaxies (RGs) selected to match the radio-loud quasar (RLQ) and radio-quiet quasar (RQQ) samples for which comparable images were presented by Dunlop et al. (1993). The images of all three samples have been analyzed using detailed 2-dimensional modelling to extract the parameters of the host galaxies.
INTRODUCTION
Detailed and unbiassed studies of the host galaxies of di erent classes of active galaxy are of central importance in any attempt to unify or relate the various manifestations of the AGN phenomenon. Such studies provide crucial tests of theories which purport to connect apparently distinct classes of active galaxy either through evolution (e.g. Ellingson et al. 1991) or via orientation e ects (see Antonucci (1993) and Urry & Padovani (1995) for recent reviews of uni ed models). They can also shed light on possible mechanisms for the triggering of nuclear activity (e.g. Smith & Heckman 1990; Hutchings & Ne 1992 ) and allow one to investigate the reciprocal impact, if any, of the active nucleus on the properties of its host. In addition, by de ning the parameter space occupied by AGN hosts, important constraints can be derived on the fraction of the galaxy population which might contain a dormant AGN, constraints which need to be satis ed by any physical model attempting to explain the cosmological evolution of active galaxy populations (Small & Blandford 1992; Haehnelt & Rees 1993) .
In this paper we attempt to address some of these issues via detailed modelling of deep K-band images of the host galaxies of powerful AGN. In a previous paper ; hereafter Paper I) we published the results of a deep K-band imaging study of the host galaxies of statistically matched samples of radio-loud and radio-quiet quasars (hereafter RLQs and RQQs respectively). In Paper I the analysis of the data was con ned to a comparison of those host galaxy properties which could be determined using simple point-spread function (PSF) subtraction to remove the contribution of the quasar nucleus. A further limitation in this study was the lack of data of similar quality and depth on an appropriate comparison sample of radio galaxies, which meant we were unable to use our RLQ-host data to perform a proper test of uni ed models of radioloud AGN (a basic comparison of the luminosities of quasar hosts with those of radio galaxies at comparable redshift was attempted using the established K ? z relation for radio galaxies, but this relation is based largely on aperture photometry; Lilly et al. 1985) . To enable us to expand our study of powerful AGN hosts to include all radio-powerful active galaxies we have therefore constructed a sample of radio galaxies which is statistically matched to our RLQ sample in the radio-power{ redshift plane. Here we present new deep K-band images of these radio galaxies and then describe the results of using detailed 2-dimensional modelling together with observationally determined PSFs to extract the near-infrared properties of the host galaxies of all three classes of powerful active galaxy -RQQs, RLQs and RGs.
The advantages of working at near-infrared wavelengths to investigate the properties of quasar host galaxies were described by , but are worth re-iterating, particularly given the renewed interest in optical studies generated by some of the unexpected and apparently con icting results which have recently been reported from Hubble Space Telescope imaging of quasar hosts (Bahcall et al. 1994; 1995a,b,c; Hutchings & Morris 1995; Disney et al. 1995) . First, by de nition, quasars are heavily nucleardominated objects in the optical, making galaxy magnitude and morphology determination extremely sensitive to the c 0000 RAS, MNRAS 000, 000{000 estimated strength of the core component and the reliability of the adopted form of the point-spread function. In general, quasars are relatively blue objects (f ' constant; Barvainis 1990 ) whereas the luminosity of the host galaxy is expected to peak at near-infrared wavelengths (Sanders et al. 1989) , making the near-infrared the waveband of choice for minimizing the nuclear:host ratio. Second, there is evidence that AGN are associated with or may even stimulate star-formation activity (Rees 1989) which, in the optical-UV, could mask the true nature of the underlying galaxy. Third, optical lters are susceptible to contamination by strong emission lines. Fourth, while the high background is obviously a drawback of working in the infrared, it does at least mean that the eventual signal:noise ratio of an image it not compromised by subdividing the integration into su ciently small sub-integrations to avoid saturation of the quasar nucleus, a point of importance when attempting to determine the correct form of the PSF.
While the improved resolution o ered by rapid guiding (e.g. Hutchings & Ne 1992) or more dramatically by the HST may minimize the importance of the rst of these advantages (i.e. low nuclear:host ratio), the last three advantages remain important. Perhaps the key point is that in the near-infrared one can be con dent that the light is dominated by the light of the old, dynamically dominant stellar populations, whereas in the optical/UV there is much more potential for contamination by more transient phenomena (a potential which is further exacerbated by the sensitivity of HST to high surface brightness features rather than extended smooth emission; Hutchings & Morris 1995 , McLeod & Rieke 1995 .
The somewhat confusing and often contradictory results from ground-based optical studies of quasar host galaxies have been reviewed by various authors, including V eronCetty & Woltjer (1990) , and McLeod & Rieke (1994a) . Following , Mcleod & Reike have also sought to exploit the advantages of near-infrared imaging for the investigation of quasar hosts (McLeod & Rieke 1994a; 1994b) but have con ned their attention to H-band imaging of principally radio-quiet quasars selected from the Bright Quasar Survey. Other infrared imaging studies of AGN hosts have focussed on determining the optical-infrared properties of Seyfert galaxies (e.g. Danese et al. 1992; Zitelli et al. 1993; Kotilainen & Ward 1994) . The work described here thus represents the rst systematic attempt to compare the properties of RQQ hosts, RLQ hosts and RGs at near-infrared wavelengths.
In order to exploit our infrared data to the full, we have also recently completed an associated programme of deep Bband imaging of the same three AGN samples. The analysis of the B-band images, along with the resulting B?K colours of both the host galaxies and the nuclei will be presented in a separate paper (Taylor & Dunlop 1996) . The layout of the current paper is as follows. In section 2 we compare the properties of the radio galaxy`control' sample with those of the RLQ sample, and then describe the near-infrared imaging observations of these objects. In section 3 we give a detailed description of the the 2-dimensional modelling procedure which we adopted as the most reliable method of separating the properties of the underlying host galaxies from those of the nuclei. We also describe the results of extensive testing of this procedure and, in particular, of its ability to correctly reclaim the parameters of simulated host galaxies containing quasar nuclei of varying luminosity over a range of redshifts (the results of these tests provide strong vindication of the perceived advantages of investigating the host galaxies of quasars at near-infrared wavelengths). The physical parameters of the host galaxies which are extracted by the modelling are presented in Section 4 and compared, where appropriate, both with the results produced by the more simplistic analysis undertaken in Paper I, and with the those of other investigations. In Section 5 we consider our results in the light of the recent HST studies of quasar hosts and then brie y discuss the implications of our study for both uni ed and evolutionary models of AGN. Our conclusions are summarized in Section 6. All luminosities, scale-lengths and surface brightnesses in this paper were calculated assuming H0 = 50kms ?1 Mpc ?1 and 0 = 1.
NEW DATA 2.1 The radio galaxy sample
In order to minimize sample bias the RQQ and RLQ subsamples in Paper I were selected, as far as possible given observing constraints, to have statistically indistinguishable two-dimensional distributions on the V ? z plane. A similar procedure was followed in selecting a radio-galaxy subsample of comparable size in order to facilitate unbiassed comparison with the quasar samples. However, in this case the relevant properties to be matched are the radio properties (rather than the optical luminosities) of the RG and RLQ samples. The RG sample was therefore selected to be indistinguishable from the RLQ sample on the radio-power:redshift (P ? z) plane and on the spectralindex:redshift ( ? z) plane; the distributions are compared in Figures 1 and 2 , and a two-dimensional Kolmogorov Smirnov test (Peacock 1983) shows the RG and RLQ distributions to indeed be indistinguishable (p = 0:21 for the P ? z distribution, p = 0:10 for the ? z distribution).
The nal RG sample comprises 12 sources and is listed in Table 1 . For completeness and ease of comparison the RLQ and RQQ samples are given in Tables 2 and 3. Note that 0204+292, originally included as an RLQ (3C59) has now been moved to the RQQ sample on account of the observation by Meurs & Unger (1991) that 3C59 could be resolved into 3 discrete sources of which the quasar is in fact the faintest; S1:4GHz = 26 mJy (in Paper I we continued to regard 0204+292 as an RLQ, but on re ection this seems unjusti ed given that its radio spectrum would need to be highly inverted for it to be su ciently luminous at 5GHz (P5GHz > 10 24 WHz ?1 sr ?1 ) to merit classi cation as radioloud. The 4 additional RQQs for which K-band images were presented in Paper I are included again at the foot of Table  3 . Although these sources remain formally excluded from the statistically matched samples, the results of modelling their host galaxies are still of interest (particularly for comparison with the results of other studies) and so we have chosen to present the best-t host galaxy parameters for these quasars along with the others in section 4. c 0000 RAS, MNRAS 000, 000{000 
Observations and data reduction
The K-band images of the radio galaxies were taken with the 62 58 pixel InSb array camera IRCAM (McLean et al. 1986 ) on the 3.9-m United Kingdom Infrared Telescope (UKIRT), with the camera operating in the 0.62-arcsec/pixel mode. The radio galaxy data were obtained during two observing runs, in January and June 1992. Each radio galaxy was imaged using the same procedure as was used to image the quasars in Paper I, and which was designed to ensure highly-accurate at-elding. Integrations were sub-divided into 17 individual 3-minute exposures (which were themselves divided into coadds of integration whose duration was chosen to provide background limited, but unsaturated, images). The odd-numbered frames were all centred on the radio-galaxy position, providing a total of 27 minutes on-source integration. The intervening evennumbered frames were used to obtain 3-minute images of 8 di erent regions of sky around the radio galaxy (' 1 arcmin o -source). These 8 sky frames were then median-ltered to produce an accurate sky at-eld concurrent with the observation.
The basic reduction procedure was as follows: i) subtraction of a dark+bias frame from each 3-minute subimage; ii) interpolation over known bad pixels and trimming of faulty rows at the top of the array; iii) correction of frame-to-frame DC variations followed by median-ltering through the 8 sky-frame stack; iv) normalisation of the resulting at eld; v) at-elding of each of the 9 on-source images; vi) construction of the nal image from the average of the 9 at-elded on-source images (after checking for accurate registration).
The resulting images consist of only 27 minutes of onsource integration from a total observation time of ' 1 hour, but experimentation showed that this apparently extravagant procedure was justi ed by the depth of the nal images made possible by the accuracy of at-elding (since the radio galaxies generally occupy a considerable fraction of the small IRCAM eld of view, it was not possible to produce a median-ltered at by simply shifting the position of the source within the bounds of the detector). For each radio galaxy two separate 27-minute images were obtained. These were then compared to allow cosmic ray events to be easily identi ed and removed, before being registered and averaged to produce the nal 54-minute image. Finally, the completed images were smoothed with a gaussian lter of width = 0.7 pixels. c 0000 RAS, MNRAS 000, 000{000 Condon, Gower & Hutchings (1987) Note that 0007+106 is known to be variable and has exhibited radio ares (Shnopper et al. 1978 ).
To calibrate the photometry (and to provide high signal-to-noise samples of the PSF; see Section 3) photometric standards in the same elds as the target objects were observed regularly throughout each night of observation. Flat-elding of these star images was adequately achieved by simple subtraction of a sky-frame of equivalent integration time.
The radio galaxy images
The K-band images of the 12 radio galaxies are presented as contour plots in Appendix A, Figs A1 ! A12 (alongside contour plots of their best-t models -see Section 4), in the same format as the quasar images in Paper I; each image is 30 arcsec square, centred on the source, with north to the top and east to the left.
Below we provide a brief discussion of the K-band image of each radio galaxy in the sample, with reference to existing optical and radio data (similar notes on the quasars can be found in Paper I). Sources are listed by IAU name, with alternative names given in parenthesis. Radio luminosities at 5 GHz have been calculated assuming H0 = 50kms ?1 Mpc ?1 and 0 = 1 from the radio ux densities and spectral indices given in Table 1. 0230?027 (PKS 0230?027, OD ?050) (z = 0:239, Log10(L5GHz=WHz ?1 sr ?1 ) = 24:84) At K the galaxy is fairly round with short extensions to the NW and SW. Two`companion' sources are visible to the NW and NNE. These were both detected in the R-band image presented by Dunlop et al. (1989) . In the radio this is a classical double source with no detected central component Smith & Heckman (1989) . The`companions' 13 arcsec S and 16 arcsec NW are also visible in their image. The colour pro les given in the same paper show that the galaxy is very blue.
Nuclear spectroscopy of this source has been carried out by Boroson & Oke (1987) . Their results show the presence of stellar absorption features in a moderately red continuum consistent with approximately 50% of the nuclear light being due to late{type stars. The VLA 5GHz radio map (Antonnucci 1985) shows this to be a classical FRII source with a central component. The K{band image of this source has an embedded`companion' 6 arcsec NW of the centre of the main galaxy. An additional`companion' lies slightly further to the SE. The steepness of the contours of the two bright objects to the E and W of the galaxy suggests that these are most probably foreground stars. No deep CCD images were available for comparison with the image presented here.
At high resolution in the radio this is a steep-spectrum c 0000 RAS, MNRAS 000, 000{000 This is a large and complex source. The K{band image shows many compact`companion' sources in addition to the main source. Most of these appear in previous optical images given in the literature (Hutchings Johnson & Pyke 1988; Smith & Heckman 1989; Baum et al. 1988 ). In the radio this is a classical double source whose position angle is anti{correlated with the optical and nearinfrared position angles. The radio structure has been the subject of a detailed study by Clarke et al. (1992) . They carried out VLA observations at 1.4, 1.5, 1.7 and 4.9 GHz together with polarimetric observations. Their results show that both jets disappear before they reach the lobe hot spot and that there is an increase in the depolarization in this region. Also the disappearance of the jets is accompanied by a transition from a longitudinal to traverse magnetic eld. They attempt to explain their observations with a`bi{polar restarting jet model'. In this model ( rst suggested by Bridle, Perley & Henriksen 1986 ) the central source is variable, emitting a bi{polar relativistic jet which exhibits so{called ip{ op' behaviour. The asymmetry in the structure of the jet and counter-jet are explained by doppler e ects. The model also predicts the counter-jet to have a steeper spectrum and this is observed in 3C 219. The K{band image of this source shows a distorted galaxy with a bright core (optically it is classi ed as an N{galaxy; Smith & Heckman 1989) . There is some faint nebulosity to the N of the galaxy and another galaxy to the S. The protrusions NE and W of the core are seen as distinct`companions' in the R{band image of Hutchings, Johnson & Pyke (1988) .
Optical images have shown that 3C 234 appears to have several companion galaxies, but their redshifts have yet to be determined. 3C 234 is a bright IRAS source (Yates & Longair 1989 ) and displays signi cant optical polarization (Rudy et al. 1983 ). In the radio 3C 234 is a classical double FRII source (Leahy, Pooley & Riley 1986). 1215?033 (PKS 1215?033) (z = 0:184, Log10(L5GHz=WHz ?1 sr ?1 ) = 24:0)
The K-band image shows a fairly round galaxy with slight extensions to the N and E.`Companion' sources lie 15 arcsec SW and 16 arcsec SE of the galaxy nucleus. Both are visible on the R{band image of Dunlop et al. (1989) , the only other published image available for comparison. In the radio c 0000 RAS, MNRAS 000, 000{000 this source has a D2 morphology ( at{spectrum core with extended emission on one side only; Dunlop et al. 1989 The K-band image reveals the galaxy to have a large extension towards the N`companion'. Two further`companions' lie to the W and NE. There is some low{level nebulosity S of the galaxy. In the optical image ; again the only other published CCD image) none of thesè companions' are visible. At radio wavelengths this source is unresolved In the K-band image a`companion' is detected embedded in the galaxy nebulosity and another is seen to the SE on the edge of the frame. This latter one is visible in the optical image presented by Dunlop et al. (1989) . A faint extension is seen to the N in the K{band image. In the radio this is a classical double source with a central component ).
1334+008 (PKS 1334+008)
(z = 0:299, Log10(L5GHz=WHz ?1 sr ?1 ) = 24:42)
The K-band image of this source shows three nuclei in addition to the central core. Three other`companions' are visible in both our IRCAM image and in the optical image of Dunlop et al. (1989) . At radio wavelengths this is a compact at-spectrum source ).
1342?016 (PKS 1342 ?016, MRC 1342 (z = 0:167, Log10(L5GHz=WHz ?1 sr ?1 ) = 24:35) This large galaxy nearly lls the IRCAM eld of view. The galaxy appears extended along a N{S position angle. The steep contours of the bright source to the SW suggest it is most likely to be a foreground star. Two possible faint`companions' lie to the NE (on the edge of the IRCAM frame) and SW. The VLA map shows this to be a classical double source The K-band image contains much more information than previous optical images where only the most northern`companion' is visible (Smith & Heckman 1989) . The galaxy is extended along a NW{SE position angle. There are 2`companion' sources to the NE, and one to the W which may be linked to the galaxy. Another is visible to the N on the edge of the image. The apparent emission along the S of the image is likely to be due to electronic interference. At radio wavelengths this is a FRII source (Leahy, Pooley & Riley 1986 In the K-band image this galaxy appears to have two`companion' sources to the E and an extension to the SW. A slight extension is also visible to the NE. The`companion' sources do not appear in the optical image presented by Smith & Heckman (1989) , however there is some low-level nebulosity coincident with their position. The small extension is also present in their image. The radio source has an FRII morphology (McCarthy et al. 1991) .
DETERMINATION OF HOST GALAXY PROPERTIES
In this section we explain the reasoning which led us to use two-dimensional modelling of the K-band images to extract the properties of the host galaxies, and then brie y describe how the model-tting was implemented. We also discuss the robustness of the host galaxy model ts to uncertainty in the PSF and the background, and summarize the results of extensive testing of our model-tting procedure on an ensemble of synthesized quasars. These tests were undertaken in order to determine the range of redshift and also nuclear:host ratio over which one can be con dent of reclaiming the true morphological type of the host galaxy from our imaging data. The results are, we believe, of considerable interest and importance since they reveal that this should in fact be possible for the vast majority of our quasars at K, but impossible for essentially all of them at B (due principally to the much greater nuclear:host ratio of the quasars at shorter wavelengths). We have chosen to provide a reasonably detailed description of our two-dimensional modelling and the tests of its performance, partly because it is the rst time such an approach has been used to investigate quasar hosts, but more importantly because the results presented in section 4 are obviously crucially dependent on the reliability of the model-tting procedure (as indeed are the results of any study of quasar host galaxies).
The limitations of PSF subtraction and one-dimensional pro le analysis
In Paper I the analysis of the quasar host galaxies was conned to those properties which could be determined following straightforward subtraction of the nuclear PSF. This approach has some merits other than mere simplicity. It allows the basic shape and brightness of the host galaxy to be determined in a relatively transparent and model-independent manner, and enables one to assess how much of the uncertainty in the host galaxy is due to uncertainty in the form of the PSF, rather than in the form of any adopted galaxy model.
However, in addition to removing the quasar nucleus, simple PSF subtraction also inevitably removes ux from c 0000 RAS, MNRAS 000, 000{000 the central regions of the galaxy, and some means has to be found to estimate the amount of this missing light in order to determine the luminosity of the host. Unless one attempts to model the surface brightness pro le of the galaxy emission this correction can only be crude and somewhat ad hoc. For example, in Paper I a global correction of 0.75 mag was applied to all the host galaxies as a crude estimate of the fraction of galaxy ux which had been lost due to simple PSF subtraction. This correction was deduced from the effect of subtracting a scaled PSF from the central regions of a K-band image of the z = 0:184 radio galaxy PKS 1215?033, but without detailed modelling it was obviously impossible to tell whether such a (perhaps surprisingly large) correction is indeed appropriate for the majority of the quasar hosts. In fact since the size of this correction is bound to be a function of redshift, seeing, host galaxy scale-length, and host galaxy luminosity it would be extremely surprising if it had a constant value, and the use of a single correction can, at best, only be justi ed if limited, as in Paper I, to the comparison of sample-average luminosities. Interestingly the Hband results of McLeod & Rieke (1994a; 1994b) suggest that this correction does indeed seem appropriate for a typical quasar in our sample, but that it leads to over-estimation of the luminosities of the hosts of low-redshift/low-luminosity quasars such as 1211+143, 1440+356 and 2130+099 (this is neither surprising nor worrying given that these 3 sources were in fact excluded from the matched samples in Paper I -see Table 3 ).
Much of this confusion can be removed by attempting to determine the galaxy surface brightness distribution provided this can be done reasonably reliably. Knowledge of the basic form of this distribution for each individual host allows one to extrapolate smoothly into the central regions and thus estimate the luminosity of each host galaxy in what is, at least, a self-consistent manner. In addition, if desired, the tted luminosity pro le can be integrated to in nite radius to yield an estimate of the total host galaxy luminosity. A further, and not insigni cant bene t of modelling the surface brightness distribution of the host galaxy is the prospect of being able to identify its morphological type, although in practice this potential bene t has rarely been realised.
Given these bene ts it is not surprising that many studies of quasar hosts have sought to determine the luminosity distributions of the underlying galaxies. However, to date this has only been attempted in one dimension, with luminosity pro les constructed from azimuthal binning around tted isophotes. While this approach may be appropriate for normal galaxies, it has several drawbacks for the investigation of quasar hosts. In particular, the shape of the isophotes, particularly in the inner regions of the galaxy, is generally dominated by the shape of the PSF rather than by the true galaxy isophotes. Secondly, great care has to be taken to ensure that the form of isophotes is not distorted by the presence of companion objects or tidal tails. Thirdly, because the model luminosity pro le of the galaxy is convolved with the PSF in one dimension, all information on the e ects of two-dimensional structure of the PSF is lost (the IRCAM PSF has considerable 2-dimensional structure at low levels -see Paper I) and indeed an analytical function is often adopted to describe the form of the PSF (an approach which can lead to additional problems -see Abraham, Crawford & McHardy 1992). 3.2 The adopted solution; 2-dimensional modelling 3.2.1 Philosophy As a result of the above considerations we decided to use fully two-dimensional modelling in order to allow the shape of the host galaxy and the shape of the PSF to be properly decoupled. This approach also enables any two-dimensional structure in the PSF to be preserved in the convolution process, and faulty pixels or regions containing companion sources can be excluded from the model-tting procedure with relative ease. A further potential bene t of this approach is that, when assessing how well the convolved model describes the data, each pixel in the original image can be assigned its own error, rather than the statistical error of the pixels in a common anulus. This does, however, involve considerable additional e ort since an accurate error frame has to be created for each image, and care has to be taken in estimating the contribution of sampling errors in those regions of the image where the signal gradient is large.
To minimise the number of free parameters it was assumed that an adequate description of the projected shape of the host galaxy on the sky could be provided by a single position angle (PA) and axial ratio. This simpli cation is justi ed by the fact that the moment-analysis of the quasar hosts undertaken in Paper I revealed that only 2 of the host galaxies displayed signi cant isophotal twisting or radiusdependent ellipticity.
With this simpli cation, there remain a minimum of 5 model parameters to be tted to the data:
(i) The luminosity of the nucleus (ii) The luminosity of the host galaxy (iii) The scale-length of the host galaxy (iv) The position angle of the host galaxy (v) The axial ratio of the host galaxy In order to discern the morphological type of the host galaxy, one further parameter, the index (which describes the form of the galaxy luminosity pro le; (r)= 0 = exp((?r=ro) ), needs to be considered; for a pure disc galaxy = 1 (Freeman 1970) , while for a spheroidal galaxy = 1=4 (de Vaucouleurs 1948; de Vaucouleurs & Capaccioli 1979) ).
could of course be introduced as a further, continuously variable model parameter, and indeed there is evidence that other values of can provide improved ts near the centres and in the wings of some low-redshift E/S0 galaxies (e.g. Caon, Capaccioli & D'Onofrio 1993) . However for the present study we decided to consider only the alternatives of = 1 and = 1=4, and thus to con ne our morphological investigation to determining whether a given host galaxy appears to be dominated by a disc or a spheroid. In fact it is clear that due to the extra freedom provided by the introduction of a nuclear component in the modelling of quasars, to attempt to distinguish between values of other than 1 or 1/4 is likely to be unrealistic.
To each source we therefore attempted to t 2 alternative 5-dimensional models, one assuming that the host galaxy could be described by an exponential disc, and one assuming that it was a de-Vaucouleurs spheroid (in fact we tted a total of 10 alternative models, since we investigated the e ect of using 5 di erent PSFs in attempting to t the two alternative galaxy models { see section 3.3.1).
c 0000 RAS, MNRAS 000, 000{000
It is important to note that in modelling the radio galaxies we made a deliberate decision not to assume a priori that they possessed no nuclear component, but instead, as with the quasars, allowed the luminosity of the nucleus to remain a free parameter in the model tting.
Implementation
A model quasar with its host galaxy was constructed as follows. First initial values for both the PA ( ) and axial ratio (b=a) were adopted, de ning the orientation and ellipticity of the model galaxy. Hence, for a pixel i; j in a source centred on pixels xc; yc o sets were de ned such that: x = (i ? xc)cos + (j ? yc)sin and y = ?(i ? xc)sin + (j ? yc)cos these o sets were then used to generate a composite radius: r = r a b x 2 + b a y 2 where a and b are the adopted semi-major and semi-minor axes respectively. This composite radius was then used to calculate the surface brightness of the pixel i; j from the chosen form of the galaxy surface brightness pro le, after assuming initial values for the galaxy scale-length and characteristic surface brightness. Note that we have chosen to de ne the radius r as the geometric average of the semimajor and semi-minor axes, a point which should be borne in mind when considering the galaxy scale-lengths eventually derived. Some other workers who have used two-dimensional modelling (e.g. Stickel, Fried & K uhr 1993 , in their study of BLlac hosts) have chosen to identify r with the semi-major axis of the ellipse, but this amounts to assuming that the ellipse is in e ect an inclined disc, an assumption which is unjusti ed in the present study.
To calculate accurately the expected ux within each 0.62-arcsec pixel requires that the model be constructed on a much ner grid, particularly in the central regions where the form of the adopted galaxy pro le can be extremely steep. To avoid use of prohibitively large amounts of computer processing time, the resolution of this grid was systematically reduced with radius (from a central resolution of 0.006 arcsec/pixel) in such a manner as to ensure that, after binning into 0.62 arcsec pixels, the value of the central pixel was accurate to 0.1%, and the total ux in a 12-arcsec aperture was accurate to 0.005%.
Once construction of the synthesized host galaxy was complete, the central pixel (xc; yc) was assigned to some large value corresponding to the initial adopted luminosity of the quasar nucleus. Finally the e ects of the atmosphere and telescope were simulated by convolving the synthesized host-galaxy and its nuclear component with one of the 5 high signal:noise stellar images selected as the best representation of the PSF from the observations of standard stars (see Paper I for details of the selection of an ensemble of representative PSFs for each quasar image). The initial model Filled points are statistical errors from the pixels in a circular annulus 0.5arcsec wide. Open points are the poisson errors for the median value in the annulus. The line is a least{squares t exponential to the statistical data points out to a radius of 3arcsec. Beyond this point the line is the t to the poisson data points. As can be seen, at large radius the statistical errors are of the same order as the poisson errors. The large peak in the statistical errors at a radius of 8arcsec is due to the inclusion into the array of pixel values for that annulus of a bright companion source (see the contour map of this source in Appendix A).
was now ready to be optimised via comparison with the real image, provided that an accurate error frame could be constructed for the image in question.
Error-frame creation
The extent to which a given convolved model provided an accurate decscription of the real image was assessed via the 2 statistic, i.e.
where n is the number of pixels available, yi is the value of the ith pixel, y(xi) is the value of the same pixel in the convolved model, and i is the error in the value of that pixel in the real data. An accurate estimation of this error for each pixel is crucial to the form of the nal model since incorrect weighting can cause certain regions of the data to erroneously dominate the model-tting. In fact experience suggests that the technique of median-lter at-elding of IR-CAM images yields at-elding errors signi cantly smaller than the photon shot noise, and so the relevant error to be assigned to most pixels should be simply the poisson error. However, an additional complication arises for pixels which c 0000 RAS, MNRAS 000, 000{000
sample regions of rapidly changing luminosity, and in the central few arcsec of the quasar images it was found that the resulting sampling error completely dominated the photon shot noise. A compromise solution was therefore adopted in creating the error frame for each image. For the vast majority of pixels, the photon shot noise was adopted as the best estimate of the expected error, but within the central ' 4 arcsec the pixels were assigned sampling errors deduced from azimuthal averaging in circular annuli around the centre of the PSF subtracted image (performing this procedure on the raw images overestimates the relevant sampling errors because the PSF selection process described in paper I inevitably matches the sampling of the PSF to that of the quasar nucleus to a certain extent). The precise way in which the sampling errors were estimated is illustrated in Figure  3 . This gure also con rms the appropriateness of assuming that the photon shot noise is the dominant source of error at large radius. The error pro le shown in Fig by least squares tting to the observed error pro le. This somewhat convoluted procedure does seem to result in reliable and appropriate error estimation; the 2 images produced by comparing the nal best-t model image with the raw data in general displayed a uniform spread of weighted residuals.
Optimisation
Because our aim was to t 10 alternative models to 44 individual galaxies a simple grid search was impossibly expensive in terms of cpu (an 11 5 grid of points was required to give an adequate map with which to re ne each model t). Model optimisation was therefore performed using a gradient search, Polack-Ribiere minimisation (Press et al. 1992 ). This method moves rapidly to the location of minimum 2 in the hypersurface by performing repeated line minimisations along successive conjugate vectors.
A check for the presence of multiple minima (which present an obvious threat to the success of gradient searches) was performed by undertaking a full grid search for one source (Figure 4) . No multiple minima were found, but Fig.  4 does reveal that, as expected, the optimum values of some of the model parameters are highly correlated and as a result can be poorly constrained (in Fig. 4 
Robustness
Attempts to determine the morphological type of quasar host galaxies are notoriously sensitive to uncertainties in the adopted form of the point spread function and the accuracy with which the background can be determined. The former can dominate the t in the central regions while the latter can distort the form of the galaxy at large radius, and unfortunately it is often the case that exponential and r 1=4 Figure 4 . The e, re plane for 0137+012 showing the results of a ne grid search of the 2 surface. The only structure visible, capable of resulting in false minima, is in fact due to the interpolation routine used to produce the contour plot. These features are not visible on higher resolution searches. Contours are in steps of 2 = 450 ( 2 = 1:12). In this projection the 2 surface forms a steep valley with an elongated region of minimum 2 . From the diagram it is clear that the narrow strip of minimum 2 has a slope of 5. This is exactly as expected; the precise values of galaxy scale-length and galaxy surface brightness may not be well constrained (in fact in this particular case they are { see Figure 5 ), but the requirement that the total luminosity of the galaxy be accurately reproduced results in them being strongly correlated, with a slope of 5. laws can provide an equally good description at intermediate radii. In this subsection we therefore describe how we investigated the sensitivity of our model ts to these uncertainties. We also discuss the extent to which host galaxy parameters, such as scale-length and characteristic surface brightness are constrained by the best model t as determined by the gradient search described above.
3.3.1 Sensitivity to uncertainty in the PSF To investigate the sensitivity of our derived galaxy model ts to uncertainty in the form of the point spread function we repeated the entire model tting procedure for each source 5 times, each time using a di erent one of the 5 standardstar images which were selected as the best representations of the form of the PSF for the source in question. As described in detail in Paper I, for the quasars this was done by searching a`library' of 100 high S/N standard star images obtained during each observing run for the 5 stars which best described the upper half of the quasar nucleus. For the radio galaxies this is not an appropriate strategy, since it would seem unlikely that the upper half of their light will not contain a signi cant contribution from the galaxy (even c 0000 RAS, MNRAS 000, 000{000 if a signi cant nuclear component is indeed present). Thus, for the radio galaxies the 5 best representations of the relevant PSF for a given object were taken from the 5 standard star observations taken closest in time to the radio galaxy observation.
Typically it was found that for at least 4 out of the 5 PSFs the preferred model was of the same type and we can thus conclude that our model ts are not dominated by uncertainty in the PSF. Interestingly, and perhaps reassuringly, in most cases the statistically best model t was achieved using one or other of the top two ranked PSFs (see Section 4 and the gures in Appendix A). This is as one would hope if the process of PSF selection is successful and the model ts appropriate.
Sensitivity to uncertainty in the background
In all images the background was determined from the mean of the counts in at least 4 regions of the image which appeared to be su ciently distant from the source to be devoid of any signi cant contribution from the host galaxy. This assumption was checked within each sub-region by checking that the pixel values described an unskewed normal distribution, and any signi cant large scale at-elding errors (which were rare) were corrected for by tting a simple twodimensional surface to the background (see, for example, MacKenty 1990).
If the background level deduced from this process is wrong then it is important to note that it can only be wrong in the sense that the background has been over-estimated. This is because there always remains the possibility, particularly for the lower redshift sources which cover more than half the image, that the regions which have been adopted as indicative of the sky actually contain some very low level contribution from the wings of the host galaxy. It is also important to note that if this is in fact the case, then the e ect of subtracting an over-estimated background level is to truncate the galaxy pro le and thus make it appear more like an exponential disc than an r 1=4 law.
To test the sensitivity of such a systematic error on our model ts, we therefore chose a quasar whose host appears to be best described as a disc, and progressively decreased the level of the subtracted background (i.e. adding counts to the background-subtracted image), re tting the model at each stage. The quality of both the exponential and r 1=4 -law ts deteriorated as the subtracted background level was reduced, and it was not until the adopted background level had been altered by 6 standard errors that the r 1=4 -law gave a better description of the galaxy. Such a large error is implausible and thus, certainly for this source, it would seem that the preference displayed for a disc is not due to an erroneously high background.
Uncertainty in optimisation
As illustrated in Fig. 4 the shape of the 2 surface appears, in projection on the e ? re plane, to form a long narrow valley with a slope of 5. For some objects the value of minimum 2 varies slowly along the oor of this valley, and so it is obviously of interest to investigate the extent to which the method of optimization used here can distinguish between di erent galaxy model ts which are formally of similar quality. To do this we tested the e ect of starting the modeltting procedure from a number of very di erent positions in the galaxy parameter space. Figure 5 shows the results of just such a test, applied to the radio-loud quasar 0137+012. In this case the results are very re-assuring in the sense that the scale-length and characteristic surface brightness of the host seem to be highly repeatable, although particularly for the spheroidal ts there is indeed some small scatter along the expected locus with a slope of 5. However, this high level of repeatability for 0137+012 transpires to be, at least in part, due to the fact that the best t model results in a nuclear:host ratio of only 1.6 at K. Similar tests on quasars with larger nuclear:host ratios resulted in a somewhat larger scatter of model ts along the locus of minimum 2 and in fact for sources with very high nuclear:host ratios (> 10) the locus itself becomes tilted with a steeper slope, indicating that for large nuclear:host ratios even the total luminosity of the tted host galaxy is no longer well-constrained. It was decided that the nuclear:host ratio dependency of these uncertainties would be best quanti ed by testing the ability of the model-tting routine to reclaim the true, known hostgalaxy parameters from a variety of synthesized quasars, and we describe the results of just such a series of tests in the next subsection.
Tests on simulated quasars 3.4.1 Creation of synthesized sources
To test the ability of the modelling procedure to correctly reclaim the true parameters of quasar host galaxies, a set of synthesized quasars were created, spanning the redshift range of the sample. At each redshift (z = 0:1; 0:2 & 0:3) quasars with nuclear:host ratios of 0, 1, 2, 5, and 10 were created by adding progressively stronger nuclear components to a synthesized host galaxy of constant luminosity. The luminosity of this host galaxy was xed by setting its absolute K magnitude to be equal to that of a typical host galaxy in our sample (1635+119), and observed K-band emission at each redshift was calculated assuming a (1 + z) ?3 dependence of surface brightness (for most types of galaxy the spectrum is roughly at between = 2 m and = 1:5 m { i.e. = 0, where f / ? ). At each of the 15 grid points in the z ? Lnuc=Lhost space we constructed both disc and spheroidal host galaxies, and created both large scale-length and short scale-length examples of each morphological type. The resulting synthesized quasar ensemble thus comprised a total of 60 sources providing somewhat sparse but even sampling of the parameter space of interest. Image synthesis was completed by convolving each source with a typical observed IRCAM PSF, and then nally adding an appropriate amount of real noise (taken from a 54-minute IRCAM image of a blank eld).
A few examples of these synthesized quasar images are shown in Figures 6 and 7 , contoured according to the same recipe as are the real data in Appendix A.
Modelling of the synthesized sources
The model-tting procedure was applied to the synthesized quasars in exactly the same way as to the real data (see c 0000 RAS, MNRAS 000, 000{000 Figure 5 . The e re plane showing the start-points (triangles) and end-points (circles) of the modelling for the source 0137+012. Note that all end points result in best-t models on the same region of this diagram, and thus that for this source the host galaxy parameters e and re are well determined. The right hand diagram shows the analogous plot for the exponential form of the surface brightness law. In this case the statistical quality of the ts is less good, but if anything the the galaxy parameters 0 and r 0 are even better constrained. Section 3.2). The PSF utilised in the modelling was deliberately chosen to be di erent from that used to create the synthesized images, but was taken from the same group of 5 2 -selected PSFs for a given source. This ensured PSF selection accuracy comparable to that achieved in the analysis of the real data.
Uncertainty in the tted parameters
One of the principal results of these tests is summarized in Figure 8 , which illustrates the impact of redshift, nuclear:host ratio, galaxy morphology and galaxy scale-length on the ability of the modelling procedure to correctly reclaim the true morphological type of the quasar host. The contour plots are the result of tting a smooth monotonic surface to the values of 2 produced by comparing the best-t disc model to the best-t spheroidal model for each synthesized quasar ( 2 is simply the arithmetic di erence between the minimum 2 achieved for each type of model t, and is positive if the lower of the two values corresponds to the correct morphological type). The trends displayed in these contour plots appear reasonable; the higher the redshift and the higher the nuclear:host ratio then the harder it is to discern the morphology of the galaxy. Also it is easiest to identify correctly a large disc galaxy, and hardest to identify correctly a small spheroid, simply because the appearance of the latter is more similar to that of the PSF (note that none of the scale-lengths considered here can be regarded as`short' by the standards of`normal' galaxies).
These diagrams demonstrate that if one wishes to draw any meaningful conclusions concerning the morphological type of AGN hosts from ground-based imaging data, one must exclude objects whose nuclear:host ratio and/or redshift places them beyond the lowest (i.e. top right) contour in these diagrams. A further complication is that, in contrast to the simulated quasars, for the real data one does not know, a priori the type and scale-length of the host galaxy, and hence which of the 4 plots shown in Figure 8 to use as a guide for sample re nement. We thus decided to adopt a pessimistic approach, and used the lowest contour in the top-left plot of Figure 8 to de ne whether the deduced host galaxy morphological type could be trusted or not. This in e ect means for z ' 0:1 the exclusion of sources with Lnuc=Lhost > 10, for z ' 0:2 the exclusion of sources with Lnuc=Lhost > 6, and for z ' 0:3 exclusion for Lnuc=Lhost > 5. In fact, as discussed in Section 4.1, the low nuclear:host ratios of quasars at near-infrared wavelengths means that at K the bulk (31/40) of the objects in our samples survive this selection procedure, thus allowing us to perform a meaningful comparison of their host galaxy morphologies. However, as described by Taylor & Dunlop (1996) the situation is very di erent at B, with only 9 of the quasars having su ciently low nuclear:host ratios to avoid rejection. These results thus provide clear vindication of the original rational for moving to the near-infrared, and help to explain why so little success has been achieved in determining the morphological types of all but the most nearby quasar hosts at optical wavelengths.
Uncertainties in other host galaxy parameters derived from these tests can be summarized as follows:
Errors in galaxy position angle are typically 6% Errors in host galaxy axial ratio are typically 8%
For the r 1=4 -law galaxies, errors in scale-length re are ' 12%. For disc galaxies the uncertainty in scale-length c 0000 RAS, MNRAS 000, 000{000 Figure 6 . Examples of simulated IRCAM images of quasars lying within r 1=4 -law spheroidal host galaxies (after convolution with a typical IRCAM PSF). All frames are 30arcsec square centred on the point source. The lowest contour is at 21.5magarcsec ?2 , with increasing contours separated in ux by a factor of 0.585. The r 1=4 -law host-galaxies shown here have scale{lengths of re = 10 kpc. At z = 0:1 the nuclear:host ratio within a 12-arcsec aperture has been set to 1. The images at z = 0:2, z = 0:3 and z = 1 have been produced by appropriate cosmological dimming of the galaxy and quasar components, assuming that both the galaxy and quasar have approximately at spectra (in terms of f ) at near-infrared wavelengths. within exponential-law disc-like host galaxies (after convolution with a typical IRCAM PSF). All frames are as described in the previous gure. The host-galaxies shown here all have an exponential scale-length of r 0 = 5 kpc. As in Fig. 6 the nuclear:host ratio within a 12-arcsec aperture has been set to 1 at z = 0:1, and the images at z = 0:2, z = 0:3 and z = 1 have been produced by appropriate cosmological dimming of the galaxy and quasar components, assuming that both the galaxy and quasar have approximately at spectra (in terms of f ) at near-infrared wavelengths.
is somewhat smaller, with errors in the exponential scalelength r0 of typically 6%.
The uncertainty in nuclear:host ratio ranges from typically 14% in the case of long scale-length hosts, to approximately 17% for the shorter scale-length galaxies.
The uncertainty in host galaxy luminosity is, as expected, dependent on nuclear:host ratio. For Lnuc : Lhost < 2 the error in Lhost is < 10%, while for Lnuc : Lhost ' 5 it is more typically ' 20%.
From these results it is clear that di erent levels of sample re nement are appropriate for the addressing of di erent issues. For example, the stringent source selection procedure which needs to be applied considering the question of morphological type, need not be applied to investigate, for example, the distribution of host-galaxy axial ratios. In the next section reference will therefore be made to the` 2 -selected sub-samples' or to the`full samples' where appropriate.
RESULTS
The images produced by the model-tting are compared with the actual image data in the Appendix (see Appendix A for details), while the best-t model parameters are given in Tables 4, 5 and 6 for the RG, RLQ and RQQ samples respectively. Regardless of the extent to which a spheroidal or disc-like host provides the better description of the data, we have also included in these tables the results of the best t alternative morphological type to allow the model dependence of the galaxy parameters to be easily assessed.
Tables 4,5 and 6 have been designed for ease of reference and as a result contain a certain level of redundancy (e.g.
Lnuc=Lhost can be deduced from Khost and Knuc, while 1=2 can be calculated from Khost and r 1=2 ). Also for ease of comparison with the de-Vaucouleurs models we give r 1=2 and 1=2 for the disc models rather than the exponential scale-length r0 and characteristic surface brightness 0 (the conversion factors are given in the table captions).
The tables also indicate which sources have su ciently low Lnuc : Lhost and/or redshift (as indicated by Figure 8) for one to have reasonable con dence in the reality of the morphological preference indicated by the best-t model. For such sources the preferred morphology is stated explicitly in the nal`decision' column, quali ed by a questionmark if the di erence between the two models is not statistically signi cant (i.e. if 2 < 25). For the remainder we have simply entered a question-mark in this column, regardless of the 2 di erence between the alternative model ts. Obviously the latter subset of sources must be ignored in any attempt to draw conclusions regarding host galaxy morphology. In addition, however, inspection of the tables reveals that these quasars also generally have (not unexpectedly) the most poorly determined host-galaxy luminosities and scale-lengths (see Section 4.1), and thus may be best excluded from the the statistical comparison of several host galaxy properties.
It is fortunate, therefore that all of the RGs and a signi cant majority of the RLQs and RQQs survive the additional sample ltering imposed by gure 8 (for the remainder of this paper the samples which remain after this lter has been applied are referred to as the 2 -selected sub-samples, as distinct from the full matched samples). As illustrated in Figure 9 , this is due to the fact that very few of the quasars have nuclear:host ratios Lnuc=Lhost > 10.
In fact this is a direct bene t of undertaking this study at near-infrared wavelengths since, as discussed by Taylor & Dunlop (1996) , only a very small number of the quasars in our sample can survive this ltering at B due to the much higher nuclear:host ratios at shorter wavelengths. Figure 9 also illustrates the perhaps surprising result that approximately half of the RGs in our sample have a K-band nuclear:host ratio Lnuc=Lhost > 1. A full investigation of the statistically allowed range of nuclear:host ratios requires a detailed investigation of the 2 hypersurface for every source and is beyond the scope of the present study. However we believe that the nuclear components, whatever their origin ( .e. starlight or buried quasar) are real for four reasons. First, their removal has a highly signi cant e ect on the quality of the model t, increasing the 2 of the best t model by typically several hundred. Second, as described in section 3.4.1, we included synthesized galaxies with no nuclear component when testing of the ability of the model-tting technique to correctly reclaim galaxy parameters. When applied to such objects, the model tting always produced a very small nuclear:host ratio (< 0:1) and produced negative as well as positive ratios (i.e. the model tting displays no systematic bias for introducing a positive nuclear component). Third, the radio galaxy for which we derive the largest nuclear:host ratio is the one galaxy in our sample to have been previously classi ed as an N galaxy.
Fourth, the fact that the distribution of Lnuc:Lhost for the RGs forms a natural extension of the distribution for radioloud quasars (Figure 9 ; see also section 4.5 and gure 19) provides at least circumstantial evidence that the derived nuclear luminosities for the RGs are not unreasonable. The implications of these near-infrared nuclear contributions are discussed further in Section 5.5.
Morphological type
The breakdown of host galaxy morphological type for the RG, RLQ and RQQ 2 -selected subsamples is shown in Figure 10 as a function of increasingly signi cant model preference. All of the hosts of the RLQs appear to be elliptical galaxies, while if one excludes sources for which the morphological type remains ambiguous the same is true for all except one of the RGs (because of the di culty in correctly assessing all the sources of error, we have taken a conservative view of our ability to distinguish between a spheroidal or disc-like host, and have therefore set the threshold for an unambiguous decision at the 5 level, equivalent to 2 = 25). The situation is clearly very di erent for the RQQ hosts, approximately 60% of which appear to be discs, irrespective of the chosen 2 threshold.
These results indicate that in terms of morphological type the host galaxies of RLQs are, as predicted by uni ed theories, the same as RGs. They also provide support for the long-standing belief that the majority of RQQs reside in disc-like host galaxies, but also indicate that a signi cant fraction of RQQs lie in elliptical galaxies. There is a suggestion that RQQ host galaxy morphological type may be linked to quasar optical power (all except 1 of the RQQs with a spheroidal host have MK ?24 while all except c 0000 RAS, MNRAS 000, 000{000 These plots illustrate the region of the Lnuc=L gal v z plane within which the modelling software can be expected to reclaim the correct host-galaxy morphological type from the data (separate plots are shown for simulated spheroidal and disc host galaxies, and for both large and small galaxy scale-lengths). The contours are separated by 2 = 100 with the bottom (i.e. top right) contour indicating 2 ' 0:0 (i.e. at higher redshift and/or nuclear:host ratio the morphological type of the host galaxy cannot be distinguished given typical ground-based seeing).
one of the RQQs with a disc host have MK ?24). This possibility is discussed further in Section 5.4. Figure 11 shows that the presence of a signi cant number of spheroidal hosts in the RQQ sample is not due to incorrectly setting the dividing line between radio-loud and radio-quiet objects. Rather it appears that the dependence of radio power on host-galaxy morphology is one-sided, with a spheroidal morphology being a pre-requisite for a source to develop radio luminosities L5GHz > 10 24 WHz ?1 sr ?1 .
Because our RQQ sample is in no sense complete, it would be dangerous to attach excessive signi cance to the precise fraction of RQQs in our sample which have spheroidal hosts. However, Fig.11 does suggest that this fraction may increase with increasing optical quasar luminosity.
The fact that no RLQs have disc hosts, whereas a signi cant fraction of the RQQs have spheroidal hosts suggests that there may be two distinct populations of RQQs -those which reside in disc hosts and are thus incapable of powerful radio emission, and those which reside in ellipticals and thus c 0000 RAS, MNRAS 000, 000{000 Table 4 . The results of the model ts to the RG sample. The preferred host galaxy morphological type is indicated by a ? in the second column, and the degree of this preference is indicated by the di erence between the 2 of the ts, given in column 3. Irrespective of which is the preferred morphological type, model parameters are given for every source for both the best-t spheroid host and the best-t disc. In column 6 r 1=2 is given for both forms of host galaxy to make it easy to judge the sensitivity of galaxy size to assumed morphological type; for the de Vaucouleurs models re = r 1=2 , while for the disc models r 0 = 0:6r 1=2 . Similarly for 1=2 given in column 7; e = 1=2 , whereas 0 = 1=2 ? 0:83. The signi cance of the preferred morphological type must of course be judged in the light of the modelling limitations as illustrated in Figure 8 . However, for all of the RGs the best-t nuclear:host ratio is su ciently small for us to have considerable con dence in the decision made by the modelling and so the morphological type of the host galaxy is stated explicitly in the nal column, quali ed with a ? if this decision is not clear cut (i.e. 2 < 25). All except one of the unambiguous ts favour an elliptical galaxy.
may yet develop into powerful radio emitters (or have been such at some time in the past). If all powerful radio galaxies do indeed harbour an obscured quasar nucleus, then this would imply that the timescale of optical emission in quasars must be the same or longer than the timescale for powerful radio emission (see Section 5.4).
Host galaxy Luminosities
In Paper I we investigated the location of the quasar host galaxies on the K?z plane relative to the`established' K?z relation for radio galaxies and found that, following simple PSF subtraction, the residual host galaxies displayed a K?z relation o set by 0.75 magnitudes from the radio galaxy relation. This issue is readdressed in Fig.12 , this time using the 12-arcsec K magnitudes derived from the best-t host galaxy models and, of course, including the results from our radio galaxy sample. This time it is found that while, as expected, the raw radio galaxy data follow the established K ?z relation, both the quasar hosts and the radio galaxies after removal of the best-t nuclear contributions, display a relation which is ' 0:5 magnitudes fainter than this. Interestingly this line in e ect delineates the faint edge of the distribution of magnitudes displayed by the raw data. The distributions of the 3 samples relative to this revised K ? z relation are shown in Fig.13 .
It follows from this that the typical di erence between the magnitudes of the over-subtracted host galaxies presented in Paper I, and those of the best t model hosts presented here is ' 0:25 mag. (the exact value for each source can be determined by comparison of the Khost mags given in Table 2 This means that the ?0:75 mag. correction applied in Paper I to compensate for missing ux due to over-subtraction in the centre of the galaxy is much larger than that which is typically required to restore the host galaxy magnitude to c 0000 RAS, MNRAS 000, 000{000 Table 5 . The results of the model ts to the RLQ sample. The preferred host galaxy morphological type is indicated by a ? in the second column, and the degree of this preference is indicated by the di erence between the 2 of the ts, given in column 3. Irrespective of which is the preferred morphological type, model parameters are given for every source for both the best-t spheroid host and the best-t disc. In column 6 r 1=2 is given for both forms of host galaxy to make it easy to judge the sensitivity of galaxy size to assumed morphological type; for the de Vaucouleurs models re = r 1=2 , while for the disc models r 0 = 0:6r 1=2 . Similarly for 1=2 given in column 7; e = 1=2 , whereas 0 = 1=2 ? 1:83. The signi cance of the preferred morphological type must of course be judged in the light of the modelling limitations as illustrated in Figure 8 . For some of the host galaxies, the best-t nuclear:host ratio is too large to allow us to trust the decision made by the modelling procedure and these sources are marked by a ? in the nal column of the table. For the other sources we can have some con dence in this decision, and so the morphological type of the host galaxy is stated explicitly in this column; for the RLQs all of the unambiguous ts favour an elliptical host galaxy.
that of the best t model. This does not, however, invalidate its use in Paper I for the purpose of comparing the magnitudes of the quasar hosts with those of radio galaxies, since the modelling has revealed that the nuclear component of a typical RG in our sample contributes an additional 0.5 mag to its overall 12-arcsec K magnitude.
In Table 7 we give the absolute host galaxy magnitudes, derived on the assumption that the near-infrared spectra of the galaxies are approximately at (in f ) between 2.0 m and 1.6 m. Values are given both for the absolute magnitude within a 12-arcsec aperture, and for the estimated total absolute magnitude of the host galaxy derived by integrating the best-t model to r = 1
The absolute magnitudes of the model hosts in the 2 -selected sample have been plotted against their redshifts in The diagram demonstrates that RLQs, RQQs and powerful RGs reside solely in galaxies selected from the highluminosity exponential tail of the K-band luminosity function (note that no selection bias is likely to produce an arti cial lower limit to the host galaxy luminosity), and the scatter displayed by the host galaxies is signi cantly smaller than that seen at optical wavelengths (c.f. gures 3 and 5 of Smith et al. 1986 ). This point is further demonstrated by the distributions of absolute host-galaxy magnitude which are compared in Figure 15 . Figure 15 shows that almost all the hosts are brighter than L ? galaxies, and also indicates that the host galaxies of c 0000 RAS, MNRAS 000, 000{000 Table 6 . The results of the model ts to the RQQ sample. The preferred host galaxy morphological type is indicated by a ? in the second column, and the degree of this preference is indicated by the di erence between the 2 of the ts, given in column 3. Irrespective of which is the preferred morphological type, model parameters are given for every source for both the best-t spheroid host and the best-t disc. In column 6 r 1=2 is given for both forms of host galaxy to make it easy to judge the sensitivity of galaxy size to assumed morphological type; for the de Vaucouleurs models re = r 1=2 , while for the disc models r 0 = 0:6r 1=2 . Similarly for 1=2 given in column 7; e = 1=2 , whereas 0 = 1=2 ? 1:83. The signi cance of the preferred morphological type must of course be judged in the light of the modelling limitations as illustrated in Figure 8 . For some of the host galaxies, the best-t nuclear:host ratio is too large to allow us to trust the decision made by the modelling procedure and these sources are marked by a ? in the nal column of the Mobasher, Sharples & Ellis 1993) . It is also interesting to compare the magnitudes of the host galaxies with the values for brightest cluster members (BCM) given by Thuan & Puschell (1989) , who nd hMKi = ?25:9 0:34.
The BCM MK values were determined through a metric aperture of diameter 32 kpc but, since at the mean redshift of our sample (hzi ' 0:2) 12 arcsec corresponds to 32 kpc, the MK values can be reasonably compared with the results of our own 12-arcsec photometry. The absolute magnitudes of the hosts of all three classes of AGN are thus clearly consistent with those of BCMs, although as stated above the disc-like hosts in the RQQ sample appear marginally less luminous.
Finally, it is worth noting that no host galaxy in our samples has a total integrated absolute magnitude fainter than MK ' ?25. It would appear that, for whatever reason, objects we classify as quasars cannot exist in host galaxies with L < L ? .
Scale-lengths
All of the model host galaxies have very large half-light scalelengths; the range displayed by the 2 sample is 9 kpc < r 1=2 < 120 kpc. In Fig.16 the half-light scale-lengths of the RGs and the quasar hosts are plotted against 1=2 , the surface brightness of the galaxy at the half-light radius. The values of 1=2 plotted in this gure have been corrected to z = 0 from the raw values given in Tables 4,5 & 6 (by a factor of (1 + z) 3 , on the assumption that the galaxy spectrum is approximately at (in f ) between 2.2 m and 1.6 m).
We have chosen to present the r 1=2 = 1=2 data in this form to facilitate direct comparison with the results of optical studies of the e=re relation for`normal', inactive galaxies. In particular Fig.16 has been plotted in exactly the same format as Fig.4 of Capaccioli, Caon & D'Onofrio (1992) ; who, from a study of galaxies in the Virgo cluster, concluded that there is a marked upper boundary to the scale-lengths of`ordinary' galaxies, beyond which only brightest cluster members, cD galaxies and very luminous ellipticals with boxy' isophotes are found. The position of this boundary is indicated by the vertical dashed line in Fig.16 , and it is clear that all of the RGs and quasar hosts have considerably larger scale-lengths. In addition, it is now well established that brightest cluster galaxies display a clear relation between 1=2 and r 1=2 which has a slope of 3 { e.g. Hamabe & Kormendy (1987) found that large cD galaxies displayed a relation of the form 1=2 = 2:94 log 10 r 1=2 + 20:75 (in B), while Schneider, Gunn & Hoessel (1983) derived similar relations separately for 1st, 2nd and 3rd-ranked cluster galaxies. These latter relations are plotted on Fig.16 , after transforming from B to K using the mean zero-redshift B ?K colour of the galaxies in our RG sample (B ? K = 3:75). It is clear from Fig.16 that the best t relation to our combined host galaxy sample is remarkably similar in both slope and normalization to that established for brightest cluster galaxies; the K-band relation de ned by our model galaxies, and indicated by the dotted line in Fig.16 , is: This is the rst time that it has been possible to show directly that quasar hosts follow the same relation in this projection of the fundamental plane as do brightest cluster galaxies. Note that errors in the estimation of r 1=2 and 1=2 are correlated in such a way as to produce a slope of 5 (as demonstrated both by the tests of the model tting discussed in section 3.3.3, and by the form of the 2 surface explored in Figure 4 ) and therefore cannot give rise to these relations (although they will increase the scatter around them). The smaller nuclear:host ratios of the RGs means that the errors in r 1=2 and 1=2 for these objects should be smaller than for the quasar hosts, which probably explains why the RG relation is somewhat better de ned than the relations described by the RLQ and RQQ samples.
Finally Fig.17 shows that although the host-galaxy scale-length distribution of the RLQ, RQQ and RG subsamples are statistically indistinguishable, there is a clear distinction between the scale-lengths of those host galaxies best described as discs from those which appear to be spheroids. Examination of Tables 4,5 and 6 suggests that this is not an artefact of the model tting, since for most objects the half-light radii deduced from the tting of the two alternative galaxy models are comparable. Table 7 . The infrared absolute magnitudes, M K , of the host galaxies Figure 11 . The distribution of the quasar samples on the L 5GHz ?M V plane, as presented in Fig.2 of but this time with symbols chosen to indicate preferred host galaxy morphology (an open circle indicates a spheroidal host, a lled circle indicates a disc). By necessity, the samples have been restricted to those sources which both pass the 2 selection criterion imposed by Fig.8 , and which show a statistically signi cant preference for one host galaxy morphology over another. The dotted line indicates the accepted minimum optical luminosity for classi cation as a quasar rather than, for example, a Seyfert galaxy. The radio-power threshold used by Dunlop et al. in selecting the radio-loud and radio-quiet comparison samples was set at L 5GHz > 10 24 WHz ?1 sr ?1 . This diagramindicates that this dividing line is also a good predictor of host galaxy morphology; no quasar host residing in a disc galaxy lies above this radio-power threshold, but some elliptical hosts are found at all radio powers, particularly at high optical luminosities.
Axial ratios and position angles
In Figure 18 we show the host-galaxy axial ratio distribu- with that expected from a sample of elliptical galaxies (i.e.
an asymmetric distribution peaking at around b=a = 0:8; Sandage, Freeman & Stokes 1970) . They are also consistent with the shapes of brightest cluster galaxies (Ryden, Lauer & Postman 1993) . Given the signi cant fraction of disc hosts found in the RQQ sample, it might have been expected that the RQQ hosts would show a somewhat wider distribution of axial ratios, extending to very small values as is found for samples of S0 galaxies (Sandage et al. 1970 ). They do not, but since a similar de ciency of low axial ratios has also been found for Seyfert 1 galaxies, most of which are undoubtedly discs (Keel 1980; MacKenty 1990) , this is perhaps not unexpected. Rather, it seems likely that a selection bias operates against nding bright AGN in edge-on discs, presumably due to obscuration by dust.
Nuclear luminosities
The absolute K magnitudes of the tted nuclear components are listed in Table 8 , and the resulting distributions for the 3 matched samples are compared in Fig. 19 . The distribution of nuclear luminosities for the RGs forms a natural extension to the corresponding distribution for the RLQs, providing circumstantial support for the reality of the infrared nuclear components in the radio galaxies.
The average nuclear luminosities are hM K(RLQ) i = ?27:3 0:8, hM K(RQQ) i = ?26:5 0:9, and hM K(RG) i = c 0000 RAS, MNRAS 000, 000{000 Figure 12 . The K ? z diagrams for the raw data and model host galaxies. The top two panels show the results for the full samples; the top left shows the diagram for the raw data, whilst the top right panel shows the results from the tted host galaxy models. The lower two panels show the corresponding plots considering only those sources in the 2 -selected samples. The line in all four plots is the K ? z relation for radio galaxies derived by Lilly, Longair & Allington-Smith (1985) o set by 0.5 magnitudes. This o set K ? z relation provides not only excellent description of the faint envelope displayed by the raw data (in the left-hand two panels), but is also precisely the relation described by the best-t RG galaxy models (i.e. excluding the contribution of the nuclear component). c 0000 RAS, MNRAS 000, 000{000 Figure 13 . Histograms of the residuals of the model host galaxy magnitudes from the shifted K{z relation shown in Figure 12 . These diagrams show clearly that the dispersion of the quasars is considerably greater than that of their hosts. In contrast to results at optical wavelengths there is no evidence of any di erence between the K magnitudes of the hosts of RLQs, RQQs and the RG hosts. The histograms are shaded to indicate the best-t morphological type of the host galaxy, with black indicating a spheroidal host, grey indicating a disc-like host, and white for ambiguous cases.
?25:3 0:8. The nuclei of the RQQs thus appear to be slightly less luminous than the RLQs on average, and to have a broader distribution, but application of a K-S test shows that this is not signi cant (p = 0:15). As expected the RLQ and RQQ nuclei are signi cantly more luminous than those found in the RGs (p < 0:0001).
As illustrated in Fig.20 there is only a weak correlation between host-galaxy luminosity and nuclear luminosity at K (calculation of the Spearman rank correlation coe cient yields rs = 0:16 for the combined quasar sample, p > 0:05), although it would appear to be very approximately true that M K(nuc) ' M K(host) . Such correlation as is present may at least in part be due to the obvious selection bias against classifying weak nuclei within very luminous galaxies as quasars; addition of the RGs to this plot completely removes any evidence for a relation between Lnuc and Lhost, although this may of course be unjusti ed if, as seems likely, the nuclei in the RGs are heavily obscured. Nevertheless, studies of less luminous quasars (McLeod & Rieke 1994a) and Seyfert galaxies (Kotilainen & Ward 1994; Danese et al. 1992 The results of this study indicate that the host galaxies of quasars and radio galaxies are all very luminous (L ' 2L ? ) and large (r 1=2 > 10 kpc) galaxies. Although we nd only a weak correlation between nuclear and host galaxy luminosity at K, it seems likely that it is real given the good agreement between between our results and those of McLeod & Rieke c 0000 RAS, MNRAS 000, 000{000 Figure 14 . Absolute magnitudes of the three 2 selected sub{samples plotted against redshift. M K has been calculated from the 12arcsec aperture model photometry after applying k{ corrections. The line is the transformed K{z relation for radio galaxies given by Lilly et al. (1985) after applicationof the same kcorrections. Crosses indicate the absolute magnitudes (corrected to a 12arcsec aperture)of spiral and E/S0 galaxies in the z = 0:37 cluster Abell 370 (Arag on{Salamanca et al. 1991). Puschell (1989) . The histograms are shaded to indicate the bestt morphological type of the host galaxy, with black indicating a spheroidal host, grey indicating a disc-like host, and white for ambiguous cases.
(1994b), and given that McLeod & Rieke (1994a) found the host galaxies of AGN just below the accepted Seyfert:Quasar dividing line (MV ' ?23) to be typically a factor of two less luminous.
We also nd, in support of previous work, that radio loud AGN are housed exclusively in ellipticals, while a signi cant fraction of the RQQs lie in disc galaxies. However, it does seem that (as also suggested by V eron-Cetty & Woltjer 1990) a signi cant fraction of RQQs lie in ellipticals and that this fraction may be an increasing function of quasar luminosity. This conclusion has received additional support from recent HST observations, and is discussed further below.
Perhaps the most important result of this study is our nding that despite their high luminosity and large size, the basic parameters of these host galaxies (e.g. 1=2 , r 1=2 and b=a) are no di erent from those of other comparably large c 0000 RAS, MNRAS 000, 000{000 Figure 16 . The K-band 1=2 , r 1=2 diagram for the host galaxies in the 2 selected samples. The dotted line is the regression line for all three samples. The solid lines are the relations for the rst, second and third ranked cluster galaxies (labelled G1, G2 and G3 respectively) from Schneider, Gunn & Hoessel (1983) , o set from B to K by the mean zero-redshift colour of the galaxies in our RG sample (B ? K = 3:75). Figure 17 . The K-band 1=2 , r 1=2 diagram for the host galaxies in the 2 -selected samples, but this time with symbols chosen according to morphological type; solid symbols are disc galaxies, whereas open symbols indicate ellipticals. Virtually all of the disc galaxies have smaller half-light scale-lengths than the spheroidal hosts. Figure 18 . The axial ratio distributions as determined from the modelling. Full samples are shown since the tted model axial ratios are not expected to be a ected by incorrect determinations of the type of surface pro le. The histograms are shaded to indicate the best-t morphological type of the host galaxy, with black indicating a spheroidal host, grey indicating a disc-like host, and white for ambiguouscases. There is no tendency for disc-like hosts to display the lowest axial ratios. luminous galaxies such as BCMs. The high level of agreement between the 1=2 ? r 1=2 relation displayed by the host galaxies and the established relation for bright cluster galaxies can be viewed as signi cant at two levels. First it provides powerful circumstantial evidence that our derived host galaxy luminosities and scale-lengths are correct (to within the expected errors) and have not been signi cantly in uenced by errors in correcting for the IRCAM point spread function. Second, it has been suggested by several authors (e.g. Capaccioli et al. 1992 ) that the form of the e ? re locus displayed by bright cluster galaxies is the result of successive merging, a suggestion supported by the high frequency with which multiple nuclei are found in such objects. The fact that we nd the quasar hosts to display an essential identical relation would suggest that, irrespective of the growing evidence for recent interactions, present-day quasar host galaxies all appear to have experienced merger events in the past.
The presence of multiple nuclei within quasar host galaxies is of course di cult to either con rm or refute with ground-based resolution, but it is interesting to note the Figure 19 . Comparison of the K-band luminosities of the tted nuclear components in the RLQ, RQQ and RG sub-samples. Results are shown for the full matched samples, since the derived nuclear luminosities of the quasars are relatively una ected by uncertainty in the form of the host galaxy. The histograms are shaded to indicate the best-t morphological type of the host galaxy, with black indicating a spheroidal host, grey indicating a disc-like host, and white for ambiguous cases. frequency with which secondary nuclei are being discovered through HST imaging of quasar hosts (often within 2 arcsec of the quasar nucleus itself; Disney et al. 1995) . However some other recent results of these HST imaging programmes appear to contradict our basic conclusion that quasar hosts are essentially all very luminous galaxies. Most of these HST results have been published during the nal stages of completion of this paper, and so we now consider in detail the extent to which they appear to agree or disgree with the principal results of the current study.
Comparison with HST results
The refurbished Hubble Space Telescope has recently been used by three di erent groups to investigate the host galaxies of several low-redshift quasars. The published results of the largest of these HST studies appear to a large extent to be in direct con ict with the results of the present groundbased K-band study. Bahcall, Kirhakos & Schneider (1994; 1995a; 1995b; 1995c) have used the WFPC2 to obtain Vband images of 11 quasars (4 of them in common with our own sample) and detected host galaxy candidates around 6 of them. However for the rest they either failed entirely to detect any host at V or else detected only peculiar structures such as`wisps' and o -centre nebulosity. Since they conclude that they should have detected any host galaxy more luminous than 0:5L ? , their results appear to contradict our own conclusion that all quasar hosts have LK L ? K , and indeed Bahcall, Kirkados & Schneider conclude that the quasar phenomenon corresponds to the early stages of galaxy formation, before extensive star-formation has taken place! The situation is further confused by the fact that these results also appear to con ict with those of other recently published HST studies of a few quasars (Disney et al. 1995; Hutchings & Morris 1995; Hutchings et al. 1994) In fact we believe that these apparent disgreements can be completely and naturally explained by the properties of the quasar hosts as revealed by the detailed modelling undertaken in the present study, and we expand on this further below. First, however, it is of obvious interest to consider those objects within our own sample around which host galaxies have in fact been clearly detected by the Space Telescope, and in particular to compare the host galaxy properties as derived from the HST images with those determined from our ground-based infrared data.
The only two host galaxies detected by Bahcall and collaborators with su cient signal:noise ratio to determine luminosity pro les are the radio quiet quasars PG 0052+251 and PHL909 (0054+144) (Bahcall, Kirhakos & Schneider 1995c) . These are 2 of the 4 RQQs in our sample whose hosts we have found to be best described by a de-Vaucouleurs law at K, and so it is interesting and reassuring to nd that the luminosity pro les derived from the HST data are also best described by r 1=4 ?law pro les in both cases. These results thus con rm the ability of our modelling software to discrimate the form of the host galaxy surface brightness pro le, and add additional weight to our conclusion that a signicant fraction of RQQs lie in spheroidal hosts (in fact while Bahcall et al. classify the host of 0054+144 as E4, they claim to detect spiral arms in 0052+251, leading them to classify it as an Sb galaxy. However, given that they also nd its luminosity pro le to be best described by a de-Vaucouleurs law over a wide range of radii, and given the ease with which tidal interaction can produce apparently spiral arm-like features, such a classi cation must be regarded as debatable.) WFPC2 wide-V (F606W) and wide-R (F702W) band images of the RLQ 2141+175 were presented by Hutchings et al. (1994) who found that the luminosity pro le of its host was very well described by a de-Vaucouleurs law and could not be tted by an exponential. This agrees well with the clear morphological preference for an elliptical host found in the present study. In a subsequent paper, Hutchings & Morris (1995) presented Planetary Camera (PC2) images (again in 'R' (F702W) and 'V ' (F555W)) of two further low-redshift quasars, including the RLQ 2201+315. In this case the luminosity pro le of the host galaxy derived from the HST images is complex but appears to be best described by a power-law within the central 3 arcsec. For this object we found that the K-band surface-brightness distribution could be equally well described by either an r 1=4 -law or an exponential law, but in any case it is excluded from our hostc 0000 RAS, MNRAS 000, 000{000 galaxy morphological comparison on account of its large nuclear:host ratio.
Finally, Disney et al. (1995) have presented PC2 wide-R (F702W) images of 4 quasars, including the RLQ 0137+012 (PHL1093) and the RQQ 2215?037 from within the current sample. The HST luminosity pro le of 0137+012 is an essentially perfect r 1=4 -law, in good agreement with the clear preference for a spheroidal host found in the present study. There is also excellent agreement over the position angle of the host galaxy major axis, deduced to be 66 from the HST images, as compared with the best-t value of 64 derived from our K-band image. The HST image of 2215?037 also appears best described by a de-Vaucouleurs law. In the present study we found a marginal preference for an exponential law but this was not su ciently signi cant to enable us to reach any conclusion about its morphology.
To summarize, clear HST detections have been made of 2 RLQs and 4 RQQs from within our matched quasar samples. For 4 of these quasars our analysis of our K-band images has revealed a clear morphological preference for the host galaxy, and in every case our conclusion has been conrmed by the HST data. For the remaining 2 quasars our modelling has displayed no clear morphological preference, so our results are at least not inconsistent with the HST results. In all 6 cases the position angle of the host galaxy deduced from our K-band images is essentially identical to that derived using the HST.
We regard the results of this comparison as extremely reassuring. Not only does it appear to con rm the reliability of our morphological determinations, but it also suggests that our`threshold of believability' as deduced from the tests on simulated quasars has been set at the correct level. In addition, the accuracy of agreement over hostgalaxy major-axis position angle indicates that we have successfully avoided serious morphological distortion due to the complex 2-dimensional structure of the IRCAM PSF.
Given this high level of agreement, it remains to explain why Bahcall et al. have apparently failed to detect the hosts of so many of the quasars in their sample (including the RQQ 0953+414 and the RLQ 2349?014 from within our matched samples), and to consider how their quoted limiting magnitude of 0.5L ? can be reconciled with the consistently large host galaxy luminosities found in the present study. There appear to be a number of possible and fairly natural explanations for the di culty Bahcall et al. have found in detecting quasar host galaxies.
First, the hosts of most quasars appear to be fairly red (Taylor & Dunlop 1996) , making them hard to detect at V , particularly at z > 0:2. This may at least in part explain the failure of Bahcall et al. to V , has been detected by Disney et al. (1995) through the HST wide-R lter. Second, it has gradually become clear that reliable PSF subtraction is very di cult to achieve in HST images, at least in part because in return for the bene t of high res- Figure 20 . Host galaxy absolute magnitude plotted against nuclear infrared absolute magnitude at K. There is a suggestion of a correlation but it is not statistically signi cant.
olution there is a price to be payed in terms of complete saturation of the central regions of the quasar image. This makes correct scaling of the PSF extremely di cult since, as discussed by Hutchings (1995a) , scaling to minimise the di raction spikes is not a reliable technique.
The third and perhaps most important point is that the host galaxies of quasars are very large extended objects, as revealed by the large e ective radii required to t their Kband morphologies. There are two aspects to this. First, the HST is not a large telescope, and with its high resolution, is better suited to the study of high-surface brightness features and compact nearby companions than to the detection of faint and smooth extended light. Second, such modelling as has been attempted by Bahcall et al. did not extend to include galaxy scale-lengths as large as those found in the present K-band study. In short, the correct application K-band luminosities found in the present study. In concluding this discussion, we note that independent support for our suggested method of reconciling the HST results with the results of the present study is provided by the recent re-analysis of the existing HST images by McLeod & Rieke (1995) . In brief, McLeod & Rieke found that essentially all the host galaxies observed by the HST are indeed detectable if they are smoothed su ciently to reveal low suface brightness features. This provides direct con rmation that the difculty some workers have found in detecting quasar host galaxies with the HST is primarily due to the fact that they are relatively smooth galaxies with large scale lengths.
Implications for uni ed models of radio-loud AGN
In recent years the idea that powerful RGs and RLQs are in fact the same type of object simply observed from di erent viewing angles has grown in popularity (Barthel 1989) . Several recent reviews summarize the current status of such uni ed schemes' (Antonucci 1993; Urry & Padovani 1995) ; the population statistics and radio properties of quasars and radio galaxies appear to be consistent with a picture in which the optical light from the quasar nucleus is emitted within a cone of half-angle ' 50 , although the simplicity of this picture is under some threat (Laing et al. 1994 ). An important test of such models is that the orientation-independent properties, such as host galaxy parameters, extended radio emission and cluster environments, should be essentially identical. While some ground based studies of quasar hosts have led the authors (e.g. Woltjer 1991; Veron-Cetty & Woltjer 1990; Barthel 1989) to claim that the morphology and sizes of RLQ hosts are consistent with those of bright RGs, other workers (e.g. Smith & Heckman 1989; Hutchings 1987; Smith et al. 1986 ) have produced con icting results, concluding that there are substantial di erences between the absolute magnitudes of RLQ hosts and RGs, in the sense that the RLQ hosts are typically ' 0:5 ? 1 mag brighter than RGs with similar extended radio emission. Abraham, Crawford & McHardy (1992) have attempted to determine the origin of this disagreement and conclude that systematic under-estimation of RLQ host luminosity is a likely consequence of the technique of subtracting scaled PSFs from quasar images. In other words they conclude that, given the sense of this systematic error, those studies which have concluded that RLQ hosts are brighter than RGs are more likely to be correct. The present study is the rst to attempt this sort of comparison at infrared wavelengths using properly matched samples, and our method of analysis is clearly free from the sort of systematic biases highlighted by Abraham, Crawford & McHardy (1992) . The fact that we nd RLQ hosts and RGs to be essentially identical, in terms of morphology, scale-length luminosity and range of luminosity, must therefore be regarded as strong evidence in support of the uni cation of RLQs and RGs via orientation.
In addition, as we describe in detail elsewhere (Taylor & Dunlop 1996) , the best-t K-band nuclear components in the RGs are not only fainter than those found in the quasars, but are also redder as expected if they arise from a quasar nucleus obscured by dust.
The di erence between RQQs and and RLQs
It is interesting to check whether the RQQs which have elliptical hosts (0052+251, 0054+144, 0157?001 & 1635+119) di er in any other discernable way from those which reside in discs. To consider individual sources is a somewhat dangerous exercise, since the sample limitations imposed by Figure 8 , while designed to eliminate the majority of erroneous morphological decisions, cannot guarantee the reliability of every individual model t. Nevertheless it may be signicant that one of these quasars (1635+119) lies very close to the radio-power dividing line, while the other three all have optical luminosities MV < ?24. In addition each of these latter three quasars shows clear signs of recent interaction; in particular, as illustrated in Paper I, 0157?001 is connected by a spectacular tidal tail to a compact red companion, while 0052+251 is arguably the most spectacular example of an interaction in the RQQ sample. Interestingly, the other particularly spectacular example of interaction in the RQQ sample is provided by 0923+201, the only other RQQ for which the modelling indicates a signi cant preference for a spheroidal host (although it is excluded from the 2 sample on account of its high nuclear:host ratio). It is thus tempting to speculate that those RQQs in our sample which reside in elliptical galaxies have been very recently triggered into activity, and thus may contain young radio sources (certainly 0157?001 is already known to contain a small jet-core radio source; Miller et al. 1993 ), which will perhaps evolve into genuinely radio-loud objects. To test this hypothesis we have recently undertaken a programme of deep multi-frequency radio imaging of all the RQQs in our sample, the results of which will be reported by Kukula et al. (1996) There are of course alternative explanations for these results. It may be, for example, that the e ect of recent interaction is to distort the previously exponential pro le of the unperturbed galaxy into a luminosity pro le which is better described by an r 1=4 -law due to the presence of extended low surface-brightness features. However, the fact the recent HST observations of the RQQs 0052+251, 0054+144 and 2215?037 con rm that their host-galaxy pro les are well-described by r 1=4 laws over a wide range of radii argues that they should be regarded as genuinely spheroidal galaxies.
A third explanation may simply be that the most luminous quasars all reside in elliptical galaxies, regardless of their radio properties. A correlation between host galaxy type and quasar luminosity within the RQQ population might be explained by the most luminous quasars arising from the most major galaxy interactions. Alternatively it may be an indirect e ect arising from the correlation between quasar luminosity and host galaxy luminosity, and the fact that the most luminous galaxies are giant ellipticals. There is certainly a growing body of evidence to suggest that, for radio quiet AGN, host galaxy morphological type is related to quasar luminosity. As noted above, 3 out of the 4 RQQs in our sample which appear to have spheroidal hosts have MV < ?24, and of the 6 RQQs in our expanded (i.e. 19-source) sample which have MV fainter than ?23:5, we nd that all except the relatively radio luminous 1635+119 reside in discs. This appears to be consistent with the strong preference for disc-like hosts found by McLeod & Rieke (1994a) for radio-quiet AGN with luminosities close to the Seyfert:RQQ threshold luminosity of MV ' ?23. Finally, as detailed above, HST host-galaxy luminosity pro les have now been determined for 5 radio-quiet quasars, and the only one whose host is not best described by a de-Vaucouleurs law (1229+204; Hutchings et al. 1994) is also the least luminous (MV = ?23:0). The evidence is therefore growing in favour of a picture in which the overwhelming majority of low-luminosity radio-quiet AGN lie in disc galaxies, but a signi cant fraction of RQQs more luminous that MV ' ?23:5 have elliptical hosts. We can speculate that quasar host galaxies may be universally elliptical c 0000 RAS, MNRAS 000, 000{000 above a certain quasar optical luminosity, but establishing such a result will be technically di cult. 5.5 The K ? z diagram and implications for elliptical galaxy evolution
The results of this study have some potentially important implications for the study of elliptical galaxy evolution via the infrared Hubble diagram for radio galaxies (Lilly & Longair 1984; Dunlop et al. 1989; Eales et al. 1993) . First, the removal of the tted nuclear components from our K-band radio galaxy images has the e ect of moving the low-redshift end of the K ? z relation to fainter magnitudes by ' 0:5 mag (see Figure 12) . Of course the removal of these components may not be justi ed, since it is possible that they are produced by starlight and that their apparent existence is simply due to the luminosity pro les of the radio galaxies being more centrally peaked than are the best-t de-Vaucouleurs laws. However, it is also possible that they are produced by reddened active nuclei, and this possibility appears to be supported by their red optical-infrared colours (Taylor & Dunlop 1996) . If the latter explanation is the correct one, then their removal is certainly justi ed, in which case the level of luminosity evolution seen in galaxies at z ' 1 or higher redshifts needs to be judged against this revised low-redshift normalization of the K ? z relation.
Second, the large scale-lengths of the radio galaxies studied here imply large aperture corrections, and indicates that great care must be taken when comparing the K magnitudes of distant radio galaxies as determined through small (typically ' 4?5 00 ) software apertures from infrared images, with magnitudes determined using single element photometers through large apertures (in general the original K magnitudes for the 3CR galaxies were determined using apertures of diameter 8{10 00 ; Lilly & Longair 1984) . To estimate the size of the expected aperture corrections we synthesized elliptical galaxies with re = 10 kpc and re = 30 kpc at z > 1, convolved the synthesized galaxies with a 1-arcsec seeing pro le, and then performed aperture photometry on the resulting images. The required aperture correction between apertures of diameter 5 00 and 8 00 is ' 0:3 mag for the 10 kpc galaxies and ' 0:45 mag for the 30 kpc galaxies, while for the point-spread function it is ' 0:1 mag.
It is interesting to compare these predictions with the actual values for 3CR radio galaxies at z ' 1 as deduced from a reanalysis of the K-band images presented by Dunlop & Peacock (1993) . Two objects in this sample stand out from the others in this regard; 3C22 and 3C280 have 5-8 00 aperture corrections of only ' 0:1 mag indicating that, at K, these objects are dominated by an unresolved nucleus. For the remaining 14 objects in the Dunlop & Peacock subsample for which the 8 00 aperture is not signi cantly contaminated by a nearby companion, the average aperture correction is 0.48 mag, consistent with an average galaxy scalelength of ' 30 kpc. This is essentially identical to the average value of re found for the z ' 0:2 RGs considered in the present study; the average value of re for the 8 RGs which yielded unambiguous de-Vaucouleurs ts (see Table 4 ) is 33 kpc. This suggests that despite the fact they display distorted and often aligned morphologies, the 3CR galaxies at z ' 1 have are basically similar in size to radio galaxies at z ' 0:2. It also suggest that, certainly within large (' 8 00 ) apertures the near-infrared light from most 3CR galaxies at z ' 1 is not seriously contaminated by a contribution from a reddened AGN.
Implications for the cosmological evolution of quasars
The results of this study indicate that all quasars with MV < 23 reside in host galaxies with MK < ?25. It is therefore of interest to calculate the number density of galaxies with Kband luminosities above this threshold in order to estimate what fraction of luminous galaxies displayed quasar activity at z ' 2 when the comoving number density of quasars was at its highest. We consider rst the number density of galaxies with MK < ?25 in the local universe. As already men- A straight-forward comparison of these numbers implies that 1 in 20 of galaxies with MK < ?25 contained active quasars at early epochs. In fact this can be regarded as a lower limit. If one assumes that if, as suggested by uni ed models, approximately half of all quasars are obscured from detection at optical-UV wavelengths by a dusty torus, then the fraction rises to 0.1, and if one considers only galaxies with L > 2L ? then it rises to 0.2. Given the uncertainty in quasar lifetimes, this number is su ciently close to unity to suggest that essentially all luminous galaxies possessed active quasars at z ' 2 ! 3, a constraint which needs to be satis ed by physical models of quasar evolution (e.g. Small & Blandford 1992; Haehnelt & Rees 1993) Given that it appears the properties of the quasar hosts studied here are consistent with the results of successive galaxy mergers, it would be of considerable interest if we could compare the luminosities of host galaxies at z ' 0:2 with those of quasar hosts at z ' 2. Several groups have recently reported detections of extensions around high-redshift quasars (e.g. Lehnert et al. 1992; Aretxaga, Boyle & Terlevich 1995) . These pioneering studies suggest that the hosts galaxies of quasars at z ' 2 are 2:5 ? 3 mag brighter than those of low-redshift quasars, a result which is at least consistent with common scenarios for elliptical galaxy evolution. However, the usefulness of any such direct comparison is hampered by the fact that these high-redshift quasars are typically 5 magnitudes more luminous than the low-redshift c 0000 RAS, MNRAS 000, 000{000 objects studied here. In addition the situation is somewhat confused since other workers have failed to detect extended light at K around high-redshift RQQs (Lowenthal et al. 1995) . Hutchings (1995b) also concludes that the hosts of RQQs are considerably fainter than those of RLQs at highredshift, a result which may simply indicate that much of the light detected around the high-redshift RLQs may not be due to stars, but rather to processes associated with the extreme radio activity (as is found for high-redshift radio galaxies; Tadhunter et al. 1992) .
In any case, even with excellent ground-based seeing, considerable disagreement over the host luminosities of such bright and distant quasars is expected given the results of the simulations presented in Section 3. Deep, seeingcompensated infrared imaging seems to o er the best hope for extending the reliable determination of quasar host galaxy properties to redshifts z > 0:5. (ii) RGs, and the hosts of RLQs and RQQs are all large galaxies with a half-light radius (i.e. the radius which contains half of the total galaxy luminosity) r 1=2 10 kpc. Such large scale-lengths, along with red optical-infrared colours can explain the failure of V -band HST observations to detect many quasar hosts.
(iii) The host galaxies of all three classes of AGN display a 1=2 ? r 1=2 relation identical in both slope and normalization to that displayed by brightest cluster galaxies. The average value of the de-Vaucouleurs scale-length for the radio galaxies is ' 30 kpc, a value which appears to be the same as the average scale-length displayed by z ' 1 3CR radio galaxies at K.
(iv) Essentially all of the RGs and RLQ hosts are best described by a de Vaucouleurs law, consistent with uni cation of powerful radio-loud AGN via orientation. It would appear that, for whatever reason, an elliptical host galaxy is necessary for an active galaxy to produce a radio luminosity in excess of L5GHz ' 10 24 WHz ?1 sr ?1 .
(v) Slightly more than half of the RQQs appear to lie in galaxies which are dominated by an exponential disc. Those RQQs which have elliptical hosts are in general more luminous than those which reside in discs. A signi cant fraction of the RQQ population may at least be capable of producing powerful radio emission.
(vi) The majority of the radio galaxies in our sample contain additional nuclear ux at K in excess of that expected from the best tting r 1=4 -law model. These unresolved nuclear components may simply be indicative of central cusps in the starlight, but deep B-band imaging (Taylor & Dunlop 1996) shows that their colours and magnitudes are consistent with dust-reddened quasars. Removal of these nuclear components shifts the low-redshift end of the radio galaxy K ? z relation faintward by 0.5 magnitudes. c 0000 RAS, MNRAS 000, 000{000
